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Bacteriophages: How Bacterial Spores Capture and
Protect Phage DNAA recent study explains how bacterial spores capture and protect
phage DNA, which remains free in the host cytoplasm but is unable to
initiate the virulence pathway that leads to lysis of actively growing
bacterial cells.Abraham L. Sonenshein
Some virulent bacteriophages
can enter a carrier state, known
as pseudolysogeny, in which the
phage neither lyses the host cell
nor integrates its DNA into the
chromosome. A particularly
interesting example of
pseudolysogeny, noted more
than 30 years ago, occurs during
infection of sporulating cells of
Bacillus subtilis by phages — for
example PBS1, SP10, β3, φe,
φ105c30 and φ29 [1–6] — that are
virulent when they infect rapidly
growing cells. The phage DNA,
though not expressed in
sporulating cells, is incorporated
into — ‘trapped in’ — the
developing endospore,
apparently as free DNA (Figure 1).
Upon germination of the spore
and outgrowth of vegetative cells,
the phage activates its usual
virulent response [7]. It is
presumably advantageous to the
phage to store its genome in
endospores, the most durable
biological entity known.
At the time that phage trapping
in spores was discovered, almost
nothing was known about the
subtle and complex molecular
mechanisms that regulate gene
expression and chromosome
segregation during sporulation. It
was, in fact, the phenomenon of
sporulation-associated
pseudolysogeny that stimulated
experiments that revealed a
major underlying mechanism of
sporulation gene regulation. Until
1969, the most plausible model
for exclusion of phage gene
expression was that sporulating
cells produce a repressor of
phage genes that might also
serve to repress growth genes of
the host. The discovery byBurgess et al. [8] of the
Escherichia coli RNA polymerase
σ70 factor — σ factors are the
promoter-recognizing subunits of
bacterial RNA polymerase that
direct RNA polymerase to
specific promoters based on their
sequence specificity — however,
prompted Losick and me [9] to
test a different model.
We [9] suggested that B.
subtilis RNA polymerase might
have one σ factor specific for
vegetative growth and a different
σ factor specific for sporulation.
We argued that phage DNA fails
to be expressed in sporulating
cells because its promoter sites
are recognized only by the
vegetative cell σ factor.
Confirmation of this hypothesis
came from the finding that the
vegetative form of RNA
polymerase is able to transcribe
phage φe DNA, as well as the
non-specific template poly (dA-
dT), in vitro, while the RNA
polymerase from sporulating cells
is only able to use the synthetic
template. This result remained
the primary basis for the σ model
of sporulation gene regulation
until 1981, when Haldenwang et
al. [10] discovered the first bona
fide sporulation-specific σ factor.
We now know that spore
formation requires the temporally
and spatially controlled activation
of five alternative σ factors, each
of which directs transcription of a
nearly unique set of genes [11].
The notion that phage φe
depends on the host σ factor to
initiate a round of infection also
raised the possibility that, during
its lytic cycle, the phage
elaborates one or more
alternative σ factors in order to
provide temporal regulation of its
own gene expression. In fact, Foxet al. [12], working with the
related phage SPO1, were the
first to demonstrate the existence
of alternative RNA polymerase σ
factors in prokaryotes.
As influential as was the
observed trapping of φe DNA in
developing spores in revealing the
fundamental mechanism of
sporulation gene regulation, there
has never been any proof that the
change in σ factors that
accompanies sporulation is the
true mechanism of inhibition of
virulence. A recent paper by
Meijer et al. [13] has not only
revived interest in phage trapping,
but has also resurrected the long-
discarded repression model as an
alternative explanation for
inhibition of phage gene
expression during sporulation.
When signals indicating
nutrient limitation and high cell
population density are sensed by
B. subtilis, a signal transduction
pathway is stimulated that leads
to activation-by-phosphorylation
of Spo0A, a transcription factor
[14]. Phosphorylated Spo0A
(Spo0A~P) in turn activates,
directly or indirectly, the
transcription of genes whose
products are involved in
adaptation to poor nutritional
conditions, as well as genes
whose products are specifically
involved in the earliest stages of
spore formation, including the
launching of the σ factor cascade
[14]. Among the functions
dependent on Spo0A~P is the
formation of a polar membrane
septum [15]. Polar septation
creates two compartments of
unequal size within a single cell
wall. The smaller compartment
(the forespore) is destined to
become the dormant spore, while
the larger compartment (the
mother cell) provides proteins
important for the structural
integrity of the spore.
Meijer et al. [13] showed that,
within a few minutes of initiating
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become refractory to phage φ29
infection because they lose the
ability to support transcription of
phage genes. The three early
promoters of the phage, as well
as the single late promoter, are
all recognized by the vegetative
cell form of RNA polymerase and
all are repressed in wild-type
infected sporulating cells [13]. In
spo0A mutant cells, however,
phage gene expression is
permitted [13]. In vitro binding
and run-off transcription assays
showed that Spo0A binds to, and
blocks, transcription from all four
of these promoters [13]. The
binding of Spo0A is directed by
sequence elements, called 0A
boxes, located in or near each of
the promoter sites. These results
not only reveal why φ29 fails to
infect sporulating cells
successfully but also explain one
of the oldest known facts about
this phage. Virtually since the
discovery of φ29, researchers
have used spo0A mutant bacteria
as a lawn for plating the phage,
because the plaque size is much
larger than that supported by a
wild-type lawn.
Should we conclude, therefore,
that repression by Spo0A is the
general mechanism by which
sporulation leads to exclusion of
phage development? There are
important differences between
φ29 and φe that must be
considered. First, unlike φ29, φe
does not form large plaques on a
spo0A mutant lawn. Second,
careful studies of the timing of
phage trapping showed that φ29
is excluded at an earlier stage of
sporulation than is φe [6,16].
Whereas exclusion of φ29 is
maximal within 40 minutes after
initiation of sporulation — a time
consistent with increased
synthesis and activation of
Spo0A — the time of maximal
trapping of φe is 100–200 minutes
later. As the sequence of φe has
not been determined, we cannot
say whether the DNA contains
any 0A boxes in or near promoter
sites, but the timing of events is
much more in keeping with the σ
factor model of transcriptional
regulation and phage exclusion.
Blocking phage transcription by
either mechanism is only part ofFigure 1. Fate of phage
DNA during infection of
growing (vegetative) and
sporulating cells of B.
subtilis.
Injection of phage DNA
into vegetative cells leads
to phage gene expression,
replication of phage DNA,
assembly of phage parti-
cles and lysis of the host
cell. During infection of
sporulating cells, phage
gene expression is
excluded and the unrepli-
cated phage DNA has the
potential to be incorpo-
rated into the developing
spore. If placed in a nutri-
ent-rich environment, the
infected spore will germi-
nate and support expres-
sion and replication of the
trapped phage DNA,
leading to lysis and phage
release. (Drawn by K.
Pechter.)
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preservation of phage DNA in a
dormant spore requires that the
phage genome be incorporated
specifically into the forespore
compartment (the mother cell
eventually lyses). Meijer et al. [13]
have found that φ29 DNA is
incorporated into the forespore by
taking advantage of a host
chromosomal-partitioning system.
At the time of polar septation,
the cell has just completed a round
of chromosome replication, as a
result of which the cytoplasm
contains two complete genomes.
One of those genomes is partially
trapped in the smaller
compartment by the septation
event; the remainder of that
chromosome is actively pumped
into the forespore by a DNA
translocase [17]. However, the
partition of the two chromosomes
between the forespore and mother
cell compartments has to be exact
to avoid producing empty spores
and to permit the mother cell to
provide gene products necessary
for assembling the spore. The host
protein Spo0J is one of the actors
in this drama. Spo0J binds to
specific sequences, called parS
sites, located near the origin of
replication, and in so doing
contributes to proper partitioning
of chromosomes to daughter cells
during growth and to the forespore
and mother cell compartments
during sporulation [18].Interestingly, φ29 DNA has at
least four parS sites, and these
are required for segregation of
DNA into the forespore
compartment [13]. As φ29 DNA
does not replicate in sporulating
cells [6], we have to assume that
a single phage DNA molecule
enters the sporulating cell and
segregates to either the mother
cell or the forespore. Given the
efficiency of φ29 trapping — at
most 20% of the spores carry the
phage [17] — and the fact that
the forespore is much smaller
than the mother cell, the
segregation may be simply
stochastic. For φe, however, the
efficiency of trapping is very high
[17,19]; as trapped φe DNA is
also unreplicated [6,19], there
must be a directed process in
this case that leads to
preferential incorporation of φe
DNA in the developing spore. The
nature of that mechanism
remains to be determined.
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sensory neurons is thus translated
into a pattern of glomerular
activation [9–11]. The insect
olfactory system therefore shares
the design of the mammalian
system [12] but comprises only a
fraction of the receptors and
neurons of the latter, providing an
attractive system for analyzing
odor coding. Insects undergoing
metamorphosis exhibit an even
simpler olfactory circuit during the
larval stage. How is this larval
pathway organized? Could it offer
a yet simpler approach for
understanding the sense of smell
from odor reception to behavioral
output?
The odorant receptor family in
Drosophila consists of 62
members [3,4,13] compared to
more than 1000 in rodents. At
least 25 of the 62 receptors are
expressed in the fly larva
[1,14,15]. Of these 25, 14 are
larval-specific, while the rest are
expressed in both adult and larval
olfactory systems. As in the adult,
the large majority of the 21 larval
olfactory sensory neurons express
one conventional odorant
receptor, along with an atypical
receptor, OR83b [1,15,16]. At least
two neurons express two
additional receptors apart from
OR83b [1]. Because the number of
receptors exceeds the number of
olfactory sensory neurons, a few
more cases of triple receptor
expression are to be expected. In
